Recent advances in deriving induced pluripotent stem (iPS) cells from patients offer new possibilities for biomedical research and clinical applications, as these cells could be used for autologous transplantation. We differentiated iPS cells from patients with Parkinson's disease (PD) into dopaminergic (DA) neurons and show that these DA neurons can be transplanted without signs of neurodegeneration into the adult rodent striatum. The PD patient iPS (PDiPS) cellderived DA neurons survived at high numbers, showed arborization, and mediated functional effects in an animal model of PD as determined by reduction of amphetamine-and apomorphine-induced rotational asymmetry, but only a few DA neurons projected into the host striatum at 16 wk after transplantation. We next applied FACS for the neural cell adhesion molecule NCAM on differentiated PDiPS cells before transplantation, which resulted in surviving DA neurons with functional effects on amphetamine-induced rotational asymmetry in a 6-OHDA animal model of PD. Morphologically, we found that PDiPS cell-derived non-DA neurons send axons along white matter tracts into specific close and remote gray matter target areas in the adult brain. Such findings establish the transplantation of human PDiPS cell-derived neurons as a long-term in vivo method to analyze potential disease-related changes in a physiological context. Our data also demonstrate proof of principle of survival and functional effects of PDiPS cell-derived DA neurons in an animal model of PD and encourage further development of differentiation protocols to enhance growth and function of implanted PDiPS cellderived DA neurons in regard to potential therapeutic applications. 
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cell replacement therapy | dopaminergic neurons | Parkinson's disease | reprogramming | transplantation T he induced pluripotent stem (iPS) cell technology provides an opportunity to generate cells with characteristics of embryonic stem (ES) cells, including pluripotency and potentially unlimited self-renewal (1) . During the past few years, several studies have reported a directed differentiation of iPS cells into a variety of functional cell types in vitro, and cell therapy effects of implanted iPS cells have been demonstrated in several animal models of disease (2, 3) .
Reprogramming technology has been applied to derive patientspecific iPS cell lines, which carry the identical genetic information as their patient donor cells. This is particularly interesting for regenerative cell therapy approaches, as differentiated patientspecific iPS cells might be used for autologous transplantation. Patient-specific iPS cell lines have been generated for several diseases, including hematologic (4), metabolic (5, 6) , and neurologic disorders (5, (7) (8) (9) . To model disease in vitro, changes have been obtained in patient-derived iPS cells, which could be modified through the application of chemical compounds during iPS cell differentiation (8, 9) or prevented by gene targeting before iPS cell derivation (4) . Furthermore, functional phenotypes such as insulinproducing cells from diabetic patients have been generated from iPS cells in vitro (6) , demonstrating that patient-derived iPS cells can constitute a potential source for future clinical applications.
Cell replacement therapy is promising in diseases with a relatively selective cell loss, such as Parkinson's disease (PD), in which dopaminergic (DA) neuron degeneration is responsible for motor symptoms in patients. Several studies have shown that some patients with PD benefit from the transplantation of human fetal cells (10, 11) , but limited tissue availability requires alternative cellular sources. Human ES (hES) cells have been transplanted into animal models of PD after in vitro differentiation into neural precursors (12) or DA neurons (13, 14) , and partial functional recovery was observed in some of these reports (12, 13) . One study reported complete functional recovery after transplantation of differentiated hES cells but severe graft overgrowth was found in engrafted animals (15) , emphasizing efforts to purify hES cellderived neurons via FACS before transplantation (16, 17) .
We have recently derived several iPS cell lines from patients with idiopathic PD, which are able to differentiate into DA neurons in vitro (7) . Here, we applied a series of transplantation experiments on these PDiPS cell lines to first investigate the development and integration of PD patient iPS (PDiPS) cellderived neurons in vivo and second to analyze if PDiPS cellderived DA neurons can function in an animal model of PD.
Results

PDiPS Cells Differentiate into DA Neurons in Vitro and Survive After
Transplantation into the Adult Striatum of Unlesioned Rats. We have generated several PDiPS cell lines by transduction of dermal fibroblasts with DOX-inducible lentiviruses encoding oct4, klf4, and sox2 and have described in vitro characteristics of pluripotency and differentiation in these lines (7) . We used two PDiPS cell lines, in which the reprogramming factors had been excised after reprogramming (FF17-5 and FF21-26 PDiPSCs; Table 1) (7). In addition, two different PDiPS cell lines from two other patients with PD were used, in which the reprogramming factors were present but their expression not induced (K1 and S1 PDiPS cells; Table 1 ) (7).
We first analyzed the potential of the four PDiPS cell lines to differentiate into DA neurons in vitro (Fig. S1 ) using the stromal feeder cell-based differentiation protocol (14, 18) . Consistent with our previously published findings from other PDiPS cell lines (7), we did not observe major differences in DA differentiation when comparing the factor-carrying and the factor-free PDiPS cells with hES cells or non-PDiPS cells that had been derived from a subject who did not have PD (Fig. S1 ). However, one of the PDiPS cell lines (S1 PDiPSC) showed an enhanced overall neuronal differentiation but no tendency toward enhanced DA differentiation at day 42 in vitro ( Fig. S1) . In all stem cell lines, less than 1% of all tyrosine hydroxylase (TH)-positive neurons coexpressed dopamine-β-hydroxylase (DBH), showing that the vast majority of TH + neurons were DA, and not noradrenergic, neurons.
Next, differentiated K1, S1, FF17-5, and FF21-26 PDiPS cells were transplanted into the striatum of unlesioned rats to analyze if engrafted PDiPS cell-derived DA neurons could survive in the adult brain. Four weeks after transplantation, engrafted cells were visualized through a staining against the neural cell adhesion molecule NCAM using a human-specific antibody (Fig. 1A) . Viable grafts were found at the expected stereotaxic position in 25 of 26 animals and the mean volumes of the grafts were 0.26 ± 0.03 mm 3 (K1), 0.60 ± 0.18 mm 3 (S1), 1.60 ± 0.56 mm 3 (FF17-5), and 0.44 ± 0.05 mm 3 (FF21-26). Observed differences in these small graft sizes were most likely a result of variabilities in cell preparation and cell batches for transplantation, as cells from one single differentiation batch were implanted for each PDiPS cell group. Grafts from all four PDiPS cell lines contained human NCAM (hNCAM)-positive and TH + DA neurons at a mean density of 122 ± 24 DA neurons per mm 3 , which were located at the center and periphery of the transplants (Fig. 1B) . To analyze longer survival times, we retained five rats with engrafted K1 PDiPS cells and five rats with FF21-26 PDiPS cells from the same series for an additional 8 wk. In all 10 animals, we found viable grafts with DA neurons ( Fig. 1 C and D) . Some of these DA neurons stained positive for Girk-2, which is coexpressed with TH in mesencephalic DA neurons ( Fig. 1 C and D) . Next, the PDiPS cell grafts were stained for βIII-tubulin, ubiquitin, and α-synuclein to analyze if engrafted neurons showed any signs of inclusion body formation. We did not detect any ubiquitin-positive and α-synuclein-positive inclusion bodies in PDiPS cell-derived DA and non-DA neurons in any of the grafts analyzed up to 12 wk after transplantation.
The transplantation of differentiated PDiPS cells induced a very modest astrogliosis around the grafts (Fig. 1E) . A small number of engrafted cells was found to be GFAP-positive astrocytes ( Fig. 1E) , whereas the expression of the neural cell adhesion molecule L1, expressed on postmitotic neurons, was abundant in the grafts (Fig. 1F) . None of the 36 rats engrafted with differentiated K1, S1, FF17-5, and FF21-26 PDiPS cells showed signs of tumor formation up to 12 wk after transplantation.
Engrafted PD Patient-Derived Neurons Send out Non-DA Axonal Projections to Close and Remote Target Areas in the Adult Unlesioned Rodent Brain. Given that the majority of the neurons in PDiPS cell grafts are non-DA, we investigated other than DA neuronal cell types in the grafts using this in vivo bioassay. For comparison, differentiated non-PDiPS cells and hES cells were transplanted into the striatum of unlesioned rats, and grafts were analyzed 4 wk after transplantation. As an indirect way to analyze non-DA neuronal phenotypes within the grafts, we followed the fiber outgrowth of hNCAM + neurons throughout the adult rodent brain since engrafted neurons are known to project to their target areas according to their intrinsic phenotypic de- termination, as previously shown in several xenografting experiments (19) (20) (21) . Grafts consisting of all PDiPS cell lines or control lines contained hNCAM + cells, which sent projections to the surrounding gray and white matter ( Fig. 2 and Fig. S2 ). The neurite outgrowth pattern was examined systematically in all six groups, and specific and reproducible patterns were found within each group. These outgrowth patterns were similar for the four PDiPS cell, the non-PDiPS cell, and the hES cell groups (Fig. 2  A-R) . A complete list of gray matter zone target areas is shown in Table S1 .
As some neurite outgrowth patterns were reminiscent of an outgrowth pattern of cortical projection neurons, we analyzed the expression of the cortical transcription factor bhlhb5 in the grafts 4 wk after transplantation (Fig. 2 S-U) . In all groups, we found small groups of bhlhb5 + and hNCAM + cortical neurons (<1%), but we did not detect any differences in bhlhb5 expression between the PDiPS, the non-PDiPS, and the hES cell grafts. The lack of differences in donor axon target patterns among the six groups led us to analyze quantitative changes in graftderived hNCAM + fibers within the different target areas in the host brain. Therefore, we determined the fiber outgrowth per area in 40-μm brain sections as listed in Table S1 . Although slight differences were found in distinct brain areas among the six groups, we did not detect any patterns that indicated PD cell-or iPS cell-specific changes in axonal outgrowth or density between the cell lines.
Analysis of PDiPS Cell-Derived DA Neurons in 6-hydroxydopamineLesioned Rats. As the engrafted PDiPS cell-derived DA neurons survive in the adult rodent brain for at least 12 wk, we next transplanted differentiated S1 PDiPS cells into the dorsolateral striatum of 6-hydroxydopamine (6-OHDA)-lesioned rats (n = 12), which serve as an animal model of PD, and grafts were analyzed histologically 16 wk after transplantation (Fig. 3) . As in the previously described bioassays, the grafts were located at the expected stereotaxic position except for one graft that reached into the globus pallidum (Fig. 3B) . All grafts contained a high number of DA neurons (4,890 ± 640) that were distributed throughout the grafts (Fig. 3 A-F) . Consistent with our in vitro data, less than 1% of TH + neurons coexpressed DBH as a marker for noradrenergic neurons (Fig. 3N) . The engrafted DA neurons sent TH + fibers toward other cells within the grafts and some of the DA neurons showed intense arborization and branching (Fig. 3 C-E) .
We next analyzed the outgrowth of DA neurons at the graft/ host interface and found that only few donor-derived DA neurons sent their axons toward the DA-depleted host striatum (Fig.  3G) . We also analyzed if an astroglial or a microglial reaction was present around the grafts as such reactions could influence graft/host connectivity. Only a small number of astroglial and microglial cells was found around the grafts (Fig. 3 H and I) .
Next, engrafted DA neurons were stained for the midbrain DA neuronal markers Girk-2 and calbindin ( Fig. 3 J-L) . As seen in the in vivo bioassays, we found TH-and Girk-2-coexpressing DA neurons within the grafts (Fig. 3 J and L) . Such neurons accounted for 53.4 ± 6.6% of all engrafted DA neurons (Fig. 3M) . In addition, TH + and calbindin-positive DA neurons were also present in the grafts (6.6 ± 0.2% of all engrafted DA neurons; Fig. 3 J, K, and M). Furthermore, the grafts contained a small number of TH + and GABA + forebrain DA neurons (4.7 ± 1.0%) and TH + and Nkx2.1 + hypothalamic DA neurons (5.8 ± 1.2%). An immunostaining for TH and α-synuclein showed that the engrafted DA neurons did not contain any α-synuclein-positive inclusion bodies (Fig. 3 O-Q) . Instead, a punctate synaptic expression pattern of α-synuclein was found in donor-derived neurons within the grafts and also in the host striatum.
None of the 12 animals with S1 PDiPS cell grafts showed signs of tumor formation, and the mean size of the grafts was 1.1 ± 0.08 mm 3 . Among all engrafted cells, 0.09 ± 0.02% were positive for the proliferative marker Ki-67 and 83.1 ± 8.2% of these cells coexpressed hNCAM. Neither SSEA-4-nor oct4-expressing cells were found in the grafts 16 wk after transplantation.
Reduced Motor Asymmetry of 6-OHDA-Lesioned Rats After Intrastriatal Transplantation of differentiated PDiPS Cells. To analyze if the PDiPS cell-derived DA neurons were also functional in vivo, rotational tests, a cylinder test, and an adjustment stepping test were performed on all 12 transplanted rats, and their behavioral performance was compared with 6-OHDA-lesioned control rats that had not received any transplants (n = 9; Fig. 4) . Before surgery, all rats showed severe motor asymmetry induced by both DA agonists, which did not improve in control rats over time (Fig.  4 A and D) . In contrast, PDiPS cell-transplanted rats showed a progressive reduction in ipsilateral amphetamine-induced ro- tations up to 16 wk after transplantation (Fig. 4 A-C) . The number of rotations was significantly lower compared with the control group at this time point (Fig. 4A) . Nine of 12 animals showed a significant reduction in amphetamine-induced rotations at 16 wk after transplantation (Fig. 4 B and C) . The apomorphineinduced rotation test evaluates the effect of engrafted DA neurons on 6-OHDA-induced hypersensitivity of striatal DA receptors. We found that transplanted rats showed a significantly reduced number of contralateral rotations 16 wk after engraftment compared with the control group (Fig. 4D) . The cylinder test and the adjustment stepping test evaluate the connectivity of engrafted DA neurons with host striatal neurons, which control complex motor functions. Consistent with our findings on the limited outgrowth of implanted DA neurons, we did not detect an improved performance in either of these tests in the PDiPS celltransplanted group compared with the control group at 16 wk after transplantation (Fig. S3) .
We next applied FACS for NCAM on differentiated S1 and FF21-26 PDiPS cells before transplantation to further reduce the risk of tumor formation and to examine if the sorted DA neurons would survive in adult rodent brain (Fig. 4 E-G and Fig. S4 ). Five lesioned rats were transplanted with sorted PDiPS cells and grafts were analyzed at 8 wk (n = 1) and 16 wk (n = 4) after transplantation. The sorted PDiPS cell grafts were positive for hNCAM and hL1, and none of the grafts showed signs of tumor formation (Fig. 4E and Fig. S4) . In all grafts, surviving DA neurons were found at a mean number of 344 ± 92 DA neurons per graft. Probably because of relatively small graft sizes and limited axonal outgrowth, effects on apomorphine-induced rotational asymmetry were not significant and were observed in only one animal 16 wk after transplantation (Fig. S4) . However, all animals transplanted with sorted PDiPS cells showed a significant reduction of amphetamine-induced rotations at 16 wk after transplantation compared with control animals (n = 5), which did not improve over time (Fig. 4G and Fig. S4 ).
Discussion
The application of patient-derived iPS cells for cell therapy has the advantage of using genetically identical cells, which can be introduced into a patient without the need for immunosuppression. Here, we differentiated iPS cell lines from three patients with sporadic PD into DA neurons and applied a series of in vivo experiments on these cells. We used cell transplantation as a longterm in vivo bioassay on PDiPS cells, which provides opportunities to study cell development, neuronal maturation, and neuronal cell survival, and importantly, allows evaluation of potential degenerative changes in a physiological 3D context over a prolonged time period. In all PDiPS cell groups, we found viable grafts for at least 12 wk after transplantation that stained positive for hNCAM and hL1. None of the PDiPS cell-derived neurons showed signs of inclusion body formation or other morphological features that would indicate a neurodegenerative process in the cells. An analysis of the axonal outgrowth of engrafted neurons derived from PDiPS cells, non-PDiPS cells, and hES cells revealed a specific and reproducible pattern, which was highly conserved within and between groups. These data show that permissive guidance cues for developing axons are still present in the adult rodent brain, and that the implanted human iPS and ES cell-derived neurons were responsive to these guidance cues independent of the ES or PD donor cell origin. It has previously been demonstrated in xenografting experiments that engrafted donor neurons project to their target areas according to their intrinsic phenotypic determination (19) (20) (21) . In this study, several brain areas were specifically innervated by implanted cells, which indicates that different neuronal phenotypes, including cortical projection neurons, had survived in the grafts. Although we could not detect PDrelated changes in axonal fiber outgrowth, other parameters such as axonal transport, synaptogenesis, synaptic pruning, or synaptic function could be further analyzed for PD-related changes by applying such an in vivo bioassay. In addition, observation periods could be further prolonged for up to 2 to 3 y to evaluate any disease-related changes, which might occur outside the time window described in this study, and other host models including SCID mice (22) could be considered, which do not require the application of immunosuppressive agents.
The initial transplantation experiments in this study showed that DA neurons survived in all unlesioned animals of the PDiPS cell groups for many months after transplantation. We therefore transplanted differentiated PDiPS cells into the striatum of 6-OHDA-lesioned rats as a functional and behavioral model for PD. In all animals, viable grafts with a high number of DA neurons without signs of neurodegeneration were found 16 wk after transplantation, and the survival rate of these DA neurons-an indirect measure for cell vulnerability-was comparable to those shown in studies on engrafted differentiated hES cells (13) or primate ES cells (23) 16 to 20 wk after transplantation. The PDiPS cell-derived DA neurons showed functional effects as demonstrated by a significant reduction in amphetamine-and apomorphine-induced rotations 16 wk after transplantation. Nine of 12 animals showed a significant reduction in amphetamineinduced asymmetry and the degree of behavioral improvement reached more than 70% in the majority of these rats. One rat without improvement had a misplaced graft that reached into the globus pallidum, and another rat presented with an unusually wide ventricular system. Although the reduction of motor asymmetry was prominent, a full recovery was not observed up to 16 wk after transplantation. This is possibly because of the long maturation process that human DA neurons have to undergo in vivo, as reported in studies on implanted human mesencephalic DA neurons that show a significant reduction in amphetamineinduced rotation at 15 wk, but only full recovery by 20 wk after transplantation (24) . Given that the transplanted rats improved gradually over time, more pronounced effects might have occurred if the rats had been analyzed for a longer period after transplantation. We did not detect any effects in cylinder and adjustment stepping tests, which is probably a result of the observed poor outgrowth of implanted PDiPS cells to host neurons in the striatum. Reduced outgrowth of DA neurons has previously been described for both implanted differentiated mouse (25) and human (13) ES cells and is therefore unlikely to be PD-or iPS cell-related. This is supported by the fact that we could not detect PD-or iPS cell-related differences in axonal outgrowth of engrafted neurons in our in vivo bioassays. Increasing the number of cells for transplantation and further improvements of the differentiation protocol might lead to better functional outcomes. Approximately 50% of the engrafted PDiPS cell-derived DA neurons coexpressed Girk-2, which, together with TH, is typically expressed in substantia nigra (A9) DA neurons that project into striatal tissue. However, only a few graft-derived DA axons were found to innervate the host striatum, indicating a heterogenous population of engrafted Girk-2-and TH-coexpressing DA neurons. Indeed, a subset of other neurons outside the A9 region also coexpress TH and Girk-2 (26) and the engrafted PDiPS cellderived DA neurons did not coexpress the transcription factor foxA2 that is found together with TH in most A9 midbrain DA neurons (27) . Therefore, we believe the PDiPS cells have most likely been inefficiently patterned toward an A9 DA neuronal phenotype during in vitro differentiation. Notably, hES cellderived DA neurons also have not yet been shown to coexpress TH and foxA2 after transplantation using different differentiation protocols, including ours (12) (13) (14) (15) , indicating that new strategies toward phenotypic patterning of hES and hiPSs cells during in vitro differentiation have to be pursued. During the course of this study, however, we and others have developed protocols that generate foxA2
+ floor plate cells from hES cells (28) or foxA2 + DA neurons from hES and PDiPS cells in vitro (29) , which provide encouraging cell sources for future transplantation studies to further improve axonal outgrowth and behavioral outcomes. None of the 48 PDiPS cell grafts analyzed in this study showed signs of tumor formation up to 16 wk after transplantation. However, we and others have previously shown that tumor formation can occur when transplanting human pluripotent stem cellderived cells (14, 15) , demonstrating a requirement to further purify cells before transplantation. Therefore, we performed FACS of differentiated PDiPS cells for NCAM before transplantation and did not observe signs of tumor formation in the grafts. Instead, NCAM-purified DA neurons had survived in all grafts, which also showed functional effects on amphetamine-induced rotational asymmetry. Interestingly, engrafted factor-carrying PDiPS cells did not express oct4 at 16 wk after transplantation. Oct4 is one of the factors used during derivation of PDiPS cells (7) indicating that sufficient gene silencing is possible in engrafted iPS cells. However, factor-free PDiPS cells constitute a safer cell source for cell replacement approaches, and therefore we have characterized these cells along with factor-carrying PDiPS cells in this study. Future clinical applications will likely demand new techniques for generating factor-free iPS cells such as virus-free (30) or DNA-free approaches (31) at acceptable efficiencies.
The present study provides a basis for future comparative studies on iPS cell lines from patients with genetic PD (genPDiPS cells). Mutations in the PD-related genes LRRK2 or α-synuclein have been linked to an impairment of neurite outgrowth (32, 33) that, together with potential inclusion body formation or potential changes in DA cell survival, could be evaluated in a physiological context in long-term in vivo bioassays as described here. Such in vivo bioassays can be further applied to analyze function of genPDiPS cells in vivo, to test new drugs on engrafted genPDiPS cells, or to validate any in vitro gene targeting approaches that might be necessary in genPDiPS cells before they can be considered for applications in vivo. Importantly, the present study provides a proof of principle that engrafted PDiPS cells can have functional effects in an animal model of PD. At the same time, it encourages to further improve differentiation protocols and cell purification methods, as well as strategies to generate patientspecific iPS cells for future clinical applications.
Methods
In Vitro Differentiation of Human Stem Cells. Human stem cells were maintained on mitomycin C-inactivated human D551 fibroblasts (American Type Culture Collection) and were differentiated according to a stromal feeder cell-based protocol (18) , which was modified through the addition of noggin (300 ng/mL) during the first 21 d of differentiation to improve neuroectodermal differentiation (14) .
Cell Transplantation and Behavioral Analysis. All animal procedures were performed according to National Institutes of Health guidelines and were approved by the Institutional Animal Care and Use Committee at McLean Hospital and Harvard Medical School. Differentiated cells were harvested at day 42 in vitro and transplanted into the striatum of adult Sprague-Dawley rats at a density of 100,000 viable cells per microliter. The surgical procedures and behavioral tests have been described in detail (14, 23) . Amphetamine and apomorphine were applied at doses of 4 mg/kg i.p. or 0.1 mg/kg s.c., respectively. Data were analyzed using Statistica software (StatSoft).
Immunohistochemistry and Cell Counts. Immunostainings of brain sections were performed as previously described (14, 23) . Cell counts of DA neurons in 6-OHDA-lesioned rats were obtained by applying the fractionator probe. Only TH + cells with visible neurites were counted. A detailed description of all methods can be found in SI Methods.
